(1) secondary caries was successfully produced in rats; (2) there was a correlation between the modified Keyes scoring method and micro-CT in the evaluation of the secondary caries; (3) the adhesive containing DMADDM significantly reduced both LD and ML (according to micro-CT), and also lowered the scores (based on the modified Keyes scoring method). This suggests that the novel DMADDM adhesive could perform an anticaries function in vivo via the secondary caries animal model which was also developed and testified in research. Secondary caries is one of the major reasons leading to the failure of caries restoration treatment. As a solution, anticaries adhesives perform well in biofilm inhibition in vitro. However, the lack of secondary caries animal models limits the evaluation of anticaries adhesives in vivo. Secondary caries is one of the main reasons for restoration failure with a heavy economic burden [Sakaguchi, 2005; Kasraei et al., 2017] . While many factors facilitate the development of secondary caries, oral bacteria and acid production are the initiators of dental caries [Mjor Keywords Antibacterial material · Bonding system · Dimethylaminododecyl methacrylate · Keyes animal model · Micro-CT · Tooth restoration
Evaluation of Novel Anticaries Adhesive in a Secondary Caries Animal Model
(1) secondary caries was successfully produced in rats; (2) there was a correlation between the modified Keyes scoring method and micro-CT in the evaluation of the secondary caries; (3) the adhesive containing DMADDM significantly reduced both LD and ML (according to micro-CT), and also lowered the scores (based on the modified Keyes scoring method). This suggests that the novel DMADDM adhesive could perform an anticaries function in vivo via the secondary caries animal model which was also developed and testified in research. Secondary caries is one of the major reasons leading to the failure of caries restoration treatment. As a solution, anticaries adhesives perform well in biofilm inhibition in vitro. However, the lack of secondary caries animal models limits the evaluation of anticaries adhesives in vivo.
and Toffenetti, 2000; Takahashi and Nyvad, 2011] . Efforts have been made to develop antibacterial dental materials to combat bacteria and secondary caries. Several bioactive agents have been synthesized and incorporated into dental materials [Cheng et al., , 2013 Huang et al., 2012; Shi et al., 2012] , including various quaternary ammonium monomers (QAMs) that demonstrate favorable antibacterial properties.
QAMs exert a contact-killing mechanism and have been shown to effectively kill bacteria and inhibit biofilm growth, not only on single-species biofilms, but also on multispecies biofilms [Zhang et al., 2015; Wang et al., 2016] . In addition, the antimicrobial properties are considered to be related to chain lengths and charge densities [Zhou et al., , 2014 . 12-Methacryloyloxydodecylpyridinium bromide (MDPB) has been incorporated into dental resins for a strong antimicrobial function [Imazato et al., 1994 [Imazato et al., , 2003 ]. Anticaries adhesives have been developed by supplementing with various QAMs, including methacryloxylethyl cetyl dimethyl ammonium chloride (DMAE-CB) [Li et al., 2009] , quaternary ammonium dimethacrylate (QADM) , and, more recently, dimethylaminododecyl methacrylate (DMADDM) [Cheng et al., 2013] . DMADDM provides potent antibacterial activity without compromising the physical properties of the adhesive. However, the lack of an animal model for testing secondary caries has limited the investigation of the efficacy of secondary caries in vivo.
There is no existing animal model for secondary caries. An important animal model for the study of caries study was originally investigated by Keyes [1954 Keyes [ , 1956 Keyes [ , 1958a , who set a template in 2 essential aspects, i.e., caries production and caries evaluation [Stookey et al., 1995] . As a template, the Keyes model was modified into different forms to match the various demands of experiments, but without changing its outline of caries production, idea of caries evaluation, and linear estimates [Bowen et al., 1988; Bowen and Pearson, 1992] . Besides this classic method, the detection of caries by means of various instruments was also developed. Transverse microradiography has been the most widely accepted gold standard for caries detection and evaluation in vitro, but the strict requirements regarding sample preparation limit its usage [Lo et al., 2010] . Micro-CT is now considered a substitute for this gold-standard method of caries detection because of its ease of use [Lo et al., 2010; Hamba et al., 2012] . Among the multiple methods, the Keyes method for evaluation is always favored because of its simplicity and low cost. However, as a method constructed for primary caries study, the Keyes animal model without any modifications does not satisfy the requirements for the study of secondary caries in current research.
The objectives of this study were to modify the Keyes model for evaluating secondary caries and to explore the anticaries properties of DMADDM adhesive via the modified model in vivo. It was hypothesized that: (1) the animal model could produce secondary caries and the mod- 
Materials and Methods
Methods are presented schematically in Figure 1 . All experiments on animals (throughout the study) were approved by the Animal Care Committee of Sichuan University, and conformed with the ARRIVE guidelines for preclinical studies (online suppl. material; see www.karger.com/doi/10.1159/000481832).
Adhesive System for Filling Operation
Clearfil SE Bond (Kuraray Dental, Tokyo, Japan) was obtained as the parent adhesive system for the cavity-filling operation. DMADDM was synthesized and verified in previous studies [Imazato et al., 2006; Cheng et al., 2013; Zhang et al., 2015] and was mixed with Clearfil SE Bond at a DMADDM/(SE Bond + DMAD-DM) mass fraction of 5%.
Animal Preparations
Specific-pathogen-free male Wistar rats (Chengdu Dossy Experimental Animals Co., Ltd, China) were obtained at the age of 21 days. All rats were fed with water containing ampicillin (1 g/kg of concentration) for the first 3 days, and then common drinking water for another day to elute the drug [Keyes, 1960] .
Cavity Preparation and Filling Operation
Operations were performed on the day of drug elution (the 4th day). Rats under general anesthesia were placed in a dorsal position. Cavities were prepared in the first grooves of the maxillary first molar on both sides via an air turbine with long-necked, round bur (diameter, 0.6 mm). To make a good retention form, but avoiding exposure of the dental pulp, a cavity was prepared (0.3-0.6 mm in depth and approx. 0.6 mm in diameter). Rats with accidentally exposed pulp were excluded from the study.
After cavity preparation, the rats were randomly and evenly assigned to 2 groups. Group 1 (n = 13) was filled with commercial SE Bond in the left cavity (control), and the DMADDM-containing SE Bond in the right side. Group 2 (n = 13) was filled with the left-and right-side materials being swapped. All filling operations took place according to the instructions of the SE Bond manufacturer.
Secondary Caries Production
Starting from the 5th day, a solution of Streptococcus mutans UA159 (10 8 CFU/mL, 0.3 mL) was scrubbed into the mouths of the rats for 3 consecutive days. Bacteria-scrubbing was performed twice each day, at a time interval of 30 min. The rats were prevented from drinking water from the beginning of the scrubbing until 30 min after it. Simultaneously, a cariogenic diet 2000 (TrophicDiet, Trophic Animal Feed, Suzhou, China) was provided, and water was substituted with sucrose-containing water (5% concentration). After 3 weeks, the rats were executed, and their maxillaries were obtained, with soft tissue and adhesive material being removed for better dyeing and observation. 
Micro-CT Analysis
Specimens of maxillaries were measured by micro-CT (μCT 50, SCANCO Medical AG, Brüttisellen, Switzerland). They were fastened in cylinders on a computer-controlled turntable with the lingual surface horizontal. They were scanned at medium resolution, with parameters 70 kVp and 200 μA to detect secondary caries. Each sample was rotated 360° within 14.3 min. Images were acquired and analyzed using SCANCO evaluation software v1.1.11.0 (SCANCO Medical AG). A sectional view, in which the pre-prepared cavity could be observed clearly, was chosen for each specimen. In this sectional view, a line was chosen as the region of interest (ROI) to be analyzed. This line had to pass through the border of the prepared cavity and be perpendicular to the enameldentinal junction (Fig. 2a) . The mineral volume of ROI was measured by SCANCO evaluation software. The lesion depth (LD) and mineral loss (ML, due to demineralization) of the ROI were calculated to evaluate the degree of secondary caries.
Modified Keyes Scoring Method for Secondary Caries Evaluation
After the micro-CT analysis, specimens were prepared for the modified Keyes scoring method analysis. They were managed similarly to in the Keyes model. All specimens were dyed with ammonium purpurate (concentration of 0.4%) for 12 h, and then hemisectioned in the mesiodistal direction with a cutter (0.1 mm in thickness). They were then examined and scored by means of a stereomicroscope (Leica EZ4HD, Leica Microsystems AG, Heerbrugg, Switzerland) to evaluate secondary caries in the cavities. Under the stereomicroscope, the secondary caries lesion was dyed a red color but the sound, hard tissues were not. The modified Keyes scoring method involves, by judging under a stereomicroscope, the linear extent of a lesion in 1 plane in the cavity, and recording the depth of penetration at 3 planes (instead of the 4 planes described by Keyes [1958b] ): slight (S-plane), moderate (M-plane), and extensive (X-plane). Lesions considered as being in the X-plane means that the secondary caries has evolved beyond two-thirds of the whole depth (thickness of enamel-dentin tissue), lesions in the M-plane are those occurring in one-to-two-thirds, and those in the S-plane in less than one-third of the tooth (Fig. 3a) . The width of the lesion is treated differently from the depth of penetration as in the Keyes model [Keyes, 1958b] , i.e., the evaluation of secondary caries in the cavity is achieved by applying a linear estimation to a theoretically flattened-out cavity, with the whole linear length divided into 3 units at a specific plane (Fig. 3a) . It should be noted that the unit should not be divided further and should always be an integer [Keyes, 1958b] . The extent of the lesion was recorded by the number of units it implicates (from 0 to 3) at each plane. Two sides of the sectioned half-jaw were examined and the one with greater involvement was recorded for evaluation as described by Keyes [1958b] . This is indicated in the sketches of scoring in Figure 3b -e and in the practical examples in Figure 4a , b.
Statistical Analysis
Statistical analysis consisted of 2 parts: a correlation analysis between 2 evaluations and the evaluation of the anticaries adhesive.
Correlation Analysis Secondary caries were evaluated by 2 methods separately to reveal their correlation. Samples from 26 rats were divided into 3 groups (the S, M, and X groups) according to the evaluation of the scoring method on depth (n = 52). For instance, a sample with a score (2, 2, 0) would be assigned to the M group. After grouping, one-way ANOVA and the least-significant differences (LSD) test 18 were performed to compare the LD and ML across groups. Similarly, width was divided into 4 groups based on units in the range of 0-3 at the 3 planes separately, and was tested with the same test on their ML (n = 52).
Evaluation of the Anticaries Adhesive
The paired-samples t test was employed in the micro-CT evaluation (LD and ML) to indicate the anticaries properties of the adhesive with/without DMADDM, and the Wilcoxon matchedpairs signed-ranks test was used to compare the degree of secondary caries between the 2 sides for the same objective.
The level of significance was set as p = 0.05. Statistical analysis was conducted using SPSS v16.0 (SPSS Inc. Chicago, IL, USA).
Results

Secondary Caries on Molars
The mineral volume of the samples was measured by micro-CT (Fig. 2b) . The fact that the mineral volume in the ROI was not always 100% revealed varying degrees of ML due to secondary caries. Meanwhile, red areas in the grooves could be seen on almost all samples under the stereomicroscope, indicating secondary caries. This was according to the general phenomenon that secondary caries tissue would be dyed red by ammonium purpurate, while healthy tissue would not. Representative images of the dyed maxillaries are shown in Figure 4a , b.
Correlation Analysis
Regarding the LD grade, compared with the S-plane, the LD and ML were higher in the M-plane, and highest in the X-plane (Fig. 5a, b) . In the evaluation of the width grade, ML increased when the unit went higher at each plane (Fig. 5c-e) . There was no "0" score at the S-plane (Fig. 5c ) and no "3" score at the X-plane (Fig. 5e) .
Evaluation of the Anticaries Adhesive
Intuitively, the line of mineral volume of the DMADDM group was located above the line of the control group from beginning to end (Fig. 2b) . This also indicates that the ML (the area surrounded by: line of data, y axis, and y = 100) in the control group was greater than that in the DMADDM group, and the maximum LD (maximum value of x on the line) in the control group was greater than that in the DMADDM group (Fig. 2b) . It was also shown directly that the LD and ML in the control group were significantly greater than in the DMADDM group (LD and ML: p < 0.0001) (Fig. 2c, d) .
The scoring method showed greater values on the non-DMADDM side than on the DMADDM side at each plane (p < 0.0001) (Fig. 4c-e) . At the S-plane, most of the values on the non-DMADDM side had scores of "2" and "3," while scores were scattered among "1" and "2" on the DMADDM side (Fig. 4c) . At the M-plane, scores were dispersed at "1" and "2" mostly on the non-DMADDM side, but at "0" and "1" on the other side (Fig. 4d ). An extreme phenomenon at the X-plane in the DMADDM group was that almost all scores approached "0," while the scores were dispersed in "0," "1," and "2" on the non-DMADDM side (Fig. 4e) .
Discussion
We report here on an in vivo animal model for evaluating secondary caries development and the caries-inhibiting effect of antibacterial dental adhesive. A rat model for secondary caries was constructed based on the animal model of Keyes [1958a, b] . This was compared with micro-CT which is regarded as a substitute gold standard to test its rationality [Lo et al., 2010] . DMADDM-containing SE Bond was chosen as the filling material to study the anticaries properties. Our research has shown that secondary caries could be produced successfully in the animal model. Meanwhile, the reliability of the modified Keyes scoring method was confirmed by micro-CT (Fig. 5) . In addition, the significant difference between the control group and the DMADDM group regarding the development of secondary caries was verified via micro-CT and the modified Keyes scoring method, demonstrating the anticaries properties of DMADDM in vivo.
The antibiofilm effect of DMADDM has been indicated in many previous studies in vitro. Furthermore, animal experiments were also performed to test the biological safety of DMADDM. When incorporated into composites and adhesives to investigate pulp reaction, DMADDM exhibited milder pulp inflammation and much greater tertiary dentin formation than composite and adhesive only [Li et al., 2014] . Animal models of caries have existed for nearly a century since McCollum et al. [1922] first utilized this method for caries research. However, it is a challenge to construct animal models for secondary caries, because of the extremely small teeth of the rats and the lack of proper evaluation methods. In our preliminary experiments, problems due to the tiny teeth were overcome, and the Keyes caries animal model was modified to construct the secondary caries animal model for this study. The Keyes animal model has been modified to meet the requirements of specific experiments in previous studies. For example, it has been modified to study the anticaries properties of fluoride and emodin [Larson, 1981; Culp et al., 2005; Swain and Xue, 2009; Xu et al., 2014] . In this study, it was modified for secondary caries and tested via micro-CT: (1) secondary caries was successfully produced via the modified Keyes animal model (Fig. 2b) , and (2) it was found reliable to estimate second caries by the modified Keyes scoring method (Fig. 4a, b) .
Dental caries is a disease with the result of demineralization in hard tissues; hence, the detection and evaluation of lesions should focus on the density of the hard tissues [Swain and Xue, 2009] . In the exploration of caries detection and evaluation, especially with high-tech equipment, LD and ML are 2 of the most important parameters to indicate the degree of the demineralized dental tissues [Hamba et al., 2012] . Transverse microradiography is the most widely recognized gold standard for caries detection, and LD and ML could be obtained by this method directly [Hamba et al., 2012; Lippert and Lynch, 2014] . However, its complex processes of sample preparation and destructiveness on samples limit its applications on rat teeth. Instead, as a nondestructive technique, micro-CT has been demonstrated to be valid in caries detection, can provide LD/ML values for evaluating demineralized tissue [Stock et al., 2002; Taylor et al., 2010; Kamburoglu et al., 2011; Ozkan et al., 2015] , and is considered a substitute for transverse microradiography in studies on caries in vitro [Lo et al., 2010; Hamba et al., 2012] . Despite several advantages of micro-CT, the high cost and long scanning time are the disadvantages. Therefore, the Keyes scoring method is still widely used for analyzing the primary dental caries in animal models and was modified for secondary caries in this study along with a demonstration of micro-CT. In addition, secondary caries lesions are thought to be associated with spaces between the tooth tissue and the restorations; this is why a line was chosen which located the side wall of the cavity as the ROI [Diercke et al., 2009; Nassar and Gonzalez-Cabezas, 2011 ].
In conclusion, this research has taken the much-needed step of finding an animal model and an evaluation method for secondary caries via the modified Keyes caries animal model and its scoring method, thereby enabling the study of secondary caries in vivo. Furthermore, the adhesive containing DMADDM was shown to have significant anticaries effects in vivo, which indicates the potential clinical inclusion of DMADDM in various dental materials in order to inhibit secondary caries.
